ABSTRACT Codling moth, Cydia pomonella L., is a cosmopolitan pest of pome and stone fruits. It has been identiÞed as a quarantine pest of concern in a number of countries where it is not known to occur, most of them tropical or subtropical countries. Although considerable work has been done on the basic biology and physiology of this temperate pest, little is known on its potential to develop and establish in tropical environments with short photoperiods and few to no days below 10ЊC. Apples were harvested over three Þeld seasons (2007Ð2009) from unmanaged orchards in central Washington State and subjected to simulated commercial cold storage at 1.1 Ϯ 2ЊC for up to 119 d. After cold storage, infested fruits were held at 20ЊC under a 12:12 L:D photoperiod for up to 6 mo. Over the entire experiment only 27% of the larvae collected exited the fruit and cocooned. Of those 27%, only 1.06% of larvae held under a 12:12 L:D photoperiod successfully emerged as moths. No moths emerged when host fruit would be available in a representative importing country in the tropics over the 3 yr of testing. These results indicate that codling moth in apples from the PaciÞc Northwest pose little threat of surviving and establishing in tropical regions where daylength is insufÞcient to break diapause and the chilling requirement is not met.
The codling moth, Cydia pomonella L. is a serious internal feeding pest of apples, pears, and rarely, some stone fruits (Barnes 1991) . It is a temperate insect found in most commercial pome and stone fruit growing regions above the 30th parallels in each hemisphere (Willett et al. 2009 ). Codling moth is considered a pest of quarantine concern in countries where it is not present, such as Colombia, Costa Rica, Japan, Panama, South Korea, and Taiwan. The designation of codling moth as a quarantine pest has led to the establishment of postharvest treatments, such as methyl bromide fumigation, and/or rigorous inspection certiÞcation programs to meet quarantine standards. For example; in 1999 Taiwan, the third largest importer of U.S. apples (NHC 2011 ) enacted legislation that mandated a strict penalty upon the detection of codling moth in imported fruit. The negotiated work plan agreement between the United States and Taiwan, referred to as the ÔThree Strikes Policy,Õ results in the complete closure of the Taiwanese market to U.S. apple imports after a third noncompliant interception of codling moth. Where importing countries have a concern regarding codling moth, restrictions of this type are often imposed without performing an assessment of the potential for codling moth to complete their lifecycle and thereby become established and spread. In most cases, little information exists about the ability of quarantine pest to establish and spread, based on the climatic conditions in the importing country.
Numerous studies have been conducted with codling moth investigating its biology (Treherne 1916 , Houser 1934 , Geier 1963 , Putman 1963 , Howell and Neven 2000 , critical photoperiod to induce and break diapause (ShelÕdeshova 1967 , Riedl 1983 , Garcia-Salazar et al. 1988 , Ashby and Singh 1990 , effects of prolonged cold storage on mortality (Newcomer 1936, Toba and MofÞtt 1992) , and overwintering adaptations (MacPhee 1964 , Harwood 1969 , Neven 1999 . Codling moth is the target of intensive control measures in the orchard resulting in very low levels of fruit infestation in harvested fruit from commercial orchards. In the PaciÞc Northwest, Þeld infestation levels of codling moth in commercial apple orchards must be below 0.04% to be considered for export to Taiwan (Anonymous 2009 ). During the packing process of apples, fruit are repeatedly scrutinized and fruit with damage, regardless of the source, are culled as they pass over the packing line. In Washington State, the largest producer of fresh apples in the country (NHC 2011) (Table 2) .
Codling moth diapause has been well studied in areas where the pest is established (ShelÕdeshova 1967 , Riedl 1983 . Diapause is controlled by daylength and cold duration. The critical photoperiod necessary to induce diapause in 50% of the codling moth population in Washington State is reported to be 15.5 h daylight (Reidl and Croft 1978, Riedl 1983 ). Hassan and Bognar (1979) noted that "the low temperature of 10ЊC for 1, 2, 3, or 4 wk, respectively, was ineffective in accelerating diapause termination." More than 50 d chilling at 4Ð7ЊC was required to terminate diapause in experiments by Cisneros (1971) . The global distribution of codling moth is hypothesized to be dependent upon daylength needed to induce diapause and cold chilling requirements needed to break diapause in areas above the 30Њ latitude in each hemisphere (ShelÕdeshova 1967) . A 2009 analysis of distribution reports of codling moth from countries between the 30Њ latitudes yielded only a single report (from Peru) that may have been in error (Willett et al. 2009 ). Taiwan at 22Ð25Њ latitude is a case where photoperiods and winter temperatures may not be sufÞcient to break diapause ant thereby permit completion of their life cycle. In most of Taiwan winter temperatures rarely reach below 10ЊC for durations (Ͼ50 d) sufÞcient to meet the chilling requirement to break diapause (Willett et al. 2009 ).
In this study we address whether codling moth, in apples exported from the PaciÞc Northwest to Taiwan and other countries between the 30th parallels, is likely to survive and pose a threat to agriculture in the absence of suitable conditions to break diapause. What needs to be established are the effects of commercial orchard management and postharvest handling practices, short photoperiods, and lack of adequate chilling (Ͼ50d) below 10ЊC on the ability of codling moth to successfully complete diapause and synchronously emerge as adults to establish a new population. The focus of this study was to determine the effects of cold storage and short photoperiods, 12:12 L:D on codling moth in apples harvested from the PaciÞc Northwest before and after the critical photoperiod known to induce diapause in larvae.
While codling moth is a quarantine pest in a number of tropical countries, the reader will note numerous references to restrictions and shipment data regarding Taiwan. Given that Taiwan is an important market for U.S. apple exporters, considerable information is tracked regarding inspections and interceptions that are useful in estimating the likelihood of establishment and spread in that country. However, for purposes of discussion here, Taiwan is only a surrogate for many countries under similar daylength and climate conditions.
Materials and Methods
Based on the presence of frass deposits on the surface, apples infested with codling moth, C. pomonella, were harvested from unsprayed, unmanaged apple orchards in Yakima and Douglas counties in Washington State over the 2007, 2008, and 2009 Þeld seasons. Approximately 1,100 kg of fruit were collected at each harvest date. Because apples are shipped in standard 42 lb (19 kg) cartons, and apple size will increase as the season progresses, a weight sampling method rather than a per fruit sampling method was used. There were seven harvest dates each season for a total of 21 harvests. Harvests were scheduled every 2 wk beginning 1 August to Ϸ1 November. The 1 August harvest date represented a control sample of larvae before expo- Harvested apples were transported the same day to the USDA-ARS Yakima Agricultural Research Laboratory for separation into treatment groups. Groups consisted of 2.27 kg of fruit, regardless of the size of the fruit. Weighed fruit samples were placed into 3.78 liters (H ϫ W ϫ L, 9.5 ϫ 17 ϫ 32 cm) plastic containers (Sterilite, U.S. Plastics, Lima, OH). The lip of the containers were covered with double sided sticky tape and covered with a piece of nylon organdy before placing the lid on top of the container. Treatments consisted of cold storage at 1.1 Ϯ 2.0ЊC under constant dark for 0, 14, 28, 42, 56, 70, 84, 96 , and 112 d (nine cold storage durations plus a control). After storage, infested fruit were held in a rearing room under conditions of 12:12 L:D photoperiod, 22.0 Ϯ 1.4 lum/ft, 20.6 Ϯ 0.6ЊC, 47.9 Ϯ 8.4% RH for up to 6 mo for codling moth emergence. The 12:12 L:D photoperiod is an average estimate daylength in Taiwan, which varies seasonally by Ϯ1.5 h from this point (10:34 h in winter and 13:41 h in summer), and were well below the critical photoperiod (ShelÕdeshova 1967). One 2.27 kg sample of fruit from each harvest date was held under a 16:8 L:D photoperiod, 21.6 Ϯ 1.5 lum/ft at 25.4 Ϯ 0.6ЊC, 49.4 Ϯ 8.2% RH to serve as controls. Cardboard strips were added to each box as a cocooning site for larvae. Each container of fruit was evaluated weekly for cocooned larvae and adult emergence. Decaying fruit were removed from the containers, examined for larvae, and discarded as needed. After the 6 mo holding period, any remaining fruit were cut open to search for larvae, and cardboard strips were opened to remove and evaluate any remaining larvae and pupae. Blackened and/or desiccated and nonmoving larvae were scored as dead. Any larvae remaining in the strips that moved independently or upon gentle prodding with a Þne camel hair brush were determined to be alive.
Host Shipment Inspection and Availability Data. Bi-weekly data for apple shipments from Washington State to Taiwan are reported by the Yakima Valley Growers and Shippers Association of Yakima, WA (J. DeVaney, personal communication). In addition, records of interception data from Taiwan are kept by USDA-APHIS-PPQ, as part of an on-going negotiation with Taiwanese plant quarantine authorities regarding codling moth restrictions. According to information provided by TaiwanÕs Bureau of Plant Health, Inspection and Quarantine (BAPHIQ) (D. Potts, USDA-FAS, American Institute, Taiwan, personal communication), all of the apples in a total of seven cartons of apples per shipping container (a container typically holds 1029 cartons) are visually inspected. In cases where a live codling moth larva is found, an unspeciÞed number of additional cartons are inspected.
Host availability in Taiwan was estimated to be from 15 April to 15 August based on fruit bloom in midMarch and fruit availability to mid-August (FAS 2010 , Wuling-Farm 2011 .
Statistical Analyses. Data were kept in Excel 2003 spread sheets and preliminary statistics for percentage emergence and Julian days of emergence were calculated using this program. Proportion emergence was transformed by arcsine͌ before analysis. Analysis of variance (ANOVA) was performed using SAS v. 9.0 (SAS Institute 2009). DuncanÕs Multiple Range Test (MRT) was used to identify differences between means.
Results

Effect of Harvest Date on Total Number of Larvae.
There was a noted decline in the number of larvae in a fruit as harvest date progressed from August to November each season (Table 3) . Although only fruit with obvious signs of codling moth damage were harvested for the tests, the number of larvae obtained from the control samples declined from an average of 1.44 larvae per apple, for harvest 1, to 0.13 larvae per apple for harvest 7 (Table 3 ). The declining numbers of codling moth in the fruit indicate that larvae are maturing during the course of the season and exiting the fruit to form cocoons and either continue development or enter diapause. The estimated total number of larvae treated, based on the control samples, for all 3 yr over all cold storage periods was 2,749. Of these, Ϸ27.5% held under a 12:12 L:D photoperiod at 20ЊC successfully exited the fruit and cocooned. Of those that cocooned, 35.6% were found dead and 60.6% were still in diapause after 6 mo under the short day conditions. The effect of harvest date was signiÞcantly different (df ϭ 6; F ϭ 4.56; P Ͼ 0.0003) with emergence rates from harvest 7 being different from the other harvest dates. This is most likely because there were fewer larvae in the fruit for this harvest date, making any emergence more signiÞcant than for more heavily infested fruits in earlier harvests. Of the 11 total moths emerging from the harvest 7, none emerged from the Þrst year of the study, while only two emerged from the second year of the study. In addition, Þve of the 11 moths that emerged came from cold storage durations that would not have been included in any regular shipments (ending at the end of January). The remaining six larvae came from cold storage durations of 8 wk or less. Hansen et al. (2007) found that cold storage of infested apples at 1.1ЊC all codling moth larvae destined to diapause were killed within 7 wk, and nondiapausing larvae were controlled within 12 wk. This is most likely the reason why no codling moth larvae have been detected by regulatory ofÞcials upon inspection in Taiwan after 19 December in any year (M. Willett, personal communication).
Effects of Cold Storage on Codling Moth Emergence.
Emergence of codling moth after cold storage at 1.1ЊC was pooled for all harvest dates for all 3 yr (Table 4 ). The percent total emergence ranged from 0.66 to 1.64% with the highest emergence rates for 14 and 112 d of cold storage. Of the moths that emerged, none emerged at a time when host fruit would be available in Taiwan (15 April through 15 August) (FAS 2011 , Wuling Farm 2011  Fig. 1 ). There was no signiÞcant difference in emergence rates as a function of cold storage duration (df ϭ 8; F ϭ 0.70; P Ͼ 0.6875).
Calculation of Numbers of Codling Moth Emerging in Taiwan. The numbers of apple cartons certiÞed for export to Taiwan, the number of apples from these cartons that were inspected at the warehouses in Yakima and Wenatchee, WA, and the number of codling moths detected during Taiwan export inspection in the 2007Ð2010 seasons were supplied by the Washington Department of Agriculture (Olympia, WA; Table 1). A reported a total of 10,796,433 apples were inspected over this 4 yr period with a total of four detections of codling moth larvae. These data indicate an average infestation rate of 3.70 ϫ 10 Ϫ7 codling moths per fruit for the 4 yr. None of the lots in which codling moths were found were exported to Taiwan.
The actual numbers of cartons of fruit exported to Taiwan, the numbers of apples inspected in Taiwan, and numbers and dates of codling moth detections from the 2006 Ð 07 to the 2010 Ð11 seasons were obtained from the Yakima Valley Growers and Shippers Association (YVGSA) (Yakima, WA) (J. DeVaney, personal communication; Table 2 ). In total, 16,724 shipping containers of apples were shipped over this 5 yr period. A shipping container contains 1,029 cartons of apples with an estimated average of 88 apples per 42 lb (19.1 kg) carton. All the apples in a minimum of seven cartons from each shipping container are inspected in Taiwan. Over this period, a total of 10,302,055 apples were inspected in Taiwan in which eight codling moth larvae were detected. This indicates a 5 yr infestation rate of 7.77 ϫ 10 Ϫ7 codling moth per fruit. Most of the codling moth interceptions occurred in early to mid-November.
The peak apple shipping season to Taiwan begins in mid-to late-August and proceeds through mid-February. Apples shipped represent fruit harvested during the period of 15 August through the beginning of November. Using the bi-weekly data obtained from YVGSA, it was determined that apples shipped to Taiwan corresponded to our harvests 2 through 7. As an aid, a matrix was constructed to indicate the harvest date and duration of cold storage that could be present in any shipment to Taiwan throughout the shipping season (Table 5) . No data are kept by WSDA or USDA-APHIS on the harvest date or duration of cold storage of shipments to Taiwan. The warehouses pack by variety and size to Þll orders, irrespective of harvest date. The matrix was used to demonstrate what harvest or cold storage combinations could be present in a given shipment period. The experimental data were used to calculate the proportion of codling moth emerging from each harvest date and cold storage period by dividing the experimental numbers of codling moth in each treatment combination by the number emerging. Although the last shipment dates appear to have the highest proportion emerging, this may be inßated because of the low infestation rate in late harvest fruit, when any emergence would appear to be high. In actuality, there has never been any codling moth interceptions in fruit exported to Taiwan after 19 December.
The infestation rate of apples entering Taiwan for each bi-weekly period was calculated by dividing the total numbers of apples inspected over the 5 yr period by the numbers of codling moth detected. The infestation rate ranged from 0 to 5.28 ϫ 10 Ϫ6 with an average infestation rate of 1.17 ϫ 10 Ϫ6 for size 88 apples (Tables 6). The numbers of codling moth entering Taiwan for each bi-weekly period was calculated by multiplying the infestation rate by the average numbers of apples shipped for each bi-weekly period. The estimated average numbers of codling moth in apples arriving bi-weekly ranged from 0.96 to 28.26 Harvest 1 was not included because it occurred before normal commercial harvest periods. N is total no. of codling moths. (Table 6) , with average numbers of codling moth arriving bi-weekly of 15.94 (Table 6 ). The predicted numbers of codling moth emerging for each bi-weekly period was calculated by multiplying the observed number of codling moth entering Taiwan by the experimental average proportion emergence for each bi-weekly period. The predicted numbers of codling moth emerging for each bi-weekly period ranged from 2.48 ϫ 10 Ϫ3 to 5.91 ϫ 10 Ϫ1 (Table 6 ) with a seasonal average of 0.133. Again, although the last two shipment dates indicate higher numbers of codling moth emerging, no codling moths have ever been found in fruit shipped from 19 December to the end of the season.
Discussion
The information obtained by this study speciÞcally addresses the deÞciency in the literature where assumptions on the ability of codling moth to complete development and survive in a tropical climate had to be made to develop risk models. In previous studies Ferro et al. (1974) determined that the survival of codling moth larvae after exiting the fruit was reported to be 30% under Þeld conditions. The authors indicated that this was a conservative estimate and was impacted by the presence of parasitoids and predators in the Þeld. They also reported that overwintering larval mortality would be between 50 Ð75% and was predominately the result of bird predation. Under our controlled conditions, parasitoids, predators, and birds were not a factor in larval mortality. Nonetheless, we observed Ͻ30% of the larvae in control fruit successfully exited and cocooned. Upon arrival, any codling moth larvae exiting the fruit in country under normal environmental conditions, it is expected that mortality would be much greater because of various biotic and abiotic factors such as high humidity, rain, fungi, bacteria, and nematodes as insectivorous predators. In the absence of this speciÞc data, most pest risk assessments would assume that 100% of the insects present in the fruit would successfully exit the fruit and continue development and emerge as viable, reproductive adults. This assumption is used because there are seldom studies that speciÞcally look at insect mortality in commercially harvested, packed, and exported fruits. There have been no studies that address the fate of codling moth once it enters a country where the chilling requirement and photoperiod may not be sufÞ-cient to break diapause.
We found that only a small percentage of codling moths can successfully exit the fruit, cocoon, and complete diapause under a 12:12 L:D photoperiod, much like the conditions that they would experience in lower latitude countries such as Taiwan (22Њ N to 25Њ N latitude). These results agree with those of ShelÕdeshova (1967) who found that codling moth larvae held under photoperiods below 15 h light and at temperatures at or above 15ЊC, the caterpillars remained in diapause for Ͼ6 mo and ultimately died. In addition, the infestation rate of codling moth in apples inspected in warehouses in Washington State is extremely low, with an estimated seasonal average infestation rate of 3.70 ϫ 10
Ϫ7
. Given this infestation rate and the poor conditions for breaking diapause, we estimated that only 1.6 codling moths would emerge each year from all shipments to Taiwan. Moreover, codling moth emergence would most likely occur when host fruit was not available in Taiwan (Fig. 1) . In a separate series of experiments (L. G. Neven, unpublished data) we compared emergence rates of codling moth from naturally infested fruits and from our 2Ð3 generation-old colony on artiÞcial diet held under 16:8 and 12:12 L:D light cycles at 20ЊC. We found that Ͻ1% of the larvae held under the 12:12 L:D photoperiod were able to complete development and emerge. Assessments of surviving larvae, after 6 mo under the holding conditions of 12:12 L:D, 20ЊC, are still underway. These experiments support the Þnd-ings in this study; that the ability of codling moth to break diapause and continue development under a 12:12 L:D photoperiod is an extremely rare event.
We believe that the data presented here can be used as a basis for discussion of risk mitigation needs for codling moth when exporting apples to tropical/subtropical countries between the 30th parallels where this pest is a concern. Even in the unlikely event that a codling moth would emerge in such a country from apples imported from the PaciÞc Northwest, it is highly unlikely that the moth would emerge in close proximity to another moth, and it is unlikely that it would emerge when suitable host fruit are available. If moths emerged in a tropical or subtropical country between the 30th parallels, exposure to the short photoperiods would cause any potential, and highly unlikely, F 1 larvae to enter diapause. Without fulÞllment of the chilling requirement or sufÞcient daylength any F 1 larvae would be unlikely to successfully complete diapause, emerge, Þnd a mate, Þnd a host, and initiate a subsequent generation. Thus, the potential for establishment of a sustaining and spreading population is remote.
